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Phospholipase D, with a molecular mass of 64 kDa, was purified from the psychrophile, Shewanella sp. The enzyme showed maximal activity at pH 7.8 and 40
C in the presence of the Ca 2þ -ion, and its activity at 10 C was 6.5% of maximum. The enzyme exhibited high activity to the non-micelle form of phosphatidylcholine in an aqueous solution containing water miscible alcohols such as methanol, ethanol, iso-propanol, and n-propanol. Nucleotide sequencing of the enzyme gene yielded a deduced amino acid sequence, which showed 36.2% identity to that of Streptomyces chromofuscus phopsholipase D alone. The low sequence similarity to other phopsholipase D enzymes suggests that the purified enzyme might be a novel phospholipase D.
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PLD (EC 3.1.4.4) catalyzes the hydrolysis of the phosphoester bond of PtdC to liberate PA and choline, and the transfer of PA to primary alcohols to generate different phospholipids.
1) The activity of PLD has been identified in various organisms, including mammals, 2) plants, 3) yeast, 4) and bacteria. 5, 6) With bacterial PLD, it was found that Streptomyces hachijoensis and Streptomyces chromofuscus produce a secretion type of enzyme with maximal hydrolytic activity around pH 8.0, and that Ca 2þ ion is essential for their activities. 5, 6) As to S. chromofuscus PLD, it has been suggested that the enzyme requires Fe 3þ and Mn 2þ ions, in addition to the Ca 2þ ion, for construction of the catalytic site. 7) On one hand, these bacterial secretion types of PLDs might generate organophosphates for phosphate retrieval in media, and PLDs, in some bacteria, are important for their physiology as virulence determinants. 8, 9) However, with respect to the enzymatical properties and the physiological function of bacterial PLDs, little is known.
Hence, we are interested in the relationship between the function and the structure of cold-active enzymes produced by psychrophilic microorganisms. 10) This kind of enzyme shows higher activity at low temperatures, and lower thermostability at intermediate temperatures, as compared with mesophilic and thermophilic enzymes. [11] [12] [13] The high activity of cold-active enzymes, at low temperatures, might be attributed to the flexible structure around the active center, 14) but the detailed properties of structure leading to the flexibility of the active center are still obscure. Accordingly, we also focused on PLD produced by a psychrophile, which adapts well to a low temperature environment, so as to accumulate information about cold-active enzymes.
In this paper, we describe purification, characteristics, gene cloning, and nucleotide sequence of gene of swPLD.
Materials and Methods
Materials. DEAE-Cellulofine A-500m and butylCellulofine s-m were purchased from Seikagakukogyo (Tokyo, Japan). Hydroxylapatite was obtained from Mitsuitoatsu (Tokyo, Japan). Silica Gel 60 thin-layer plate used for enzyme assay was from Merck (Tokyo, Japan). Hybond-N nylon membrane filter, Megaprime random prime DNA labeling kit, pGEX6p-2, pTrc99A, and Mono-Q HR5/5 were from Amersham (Pitcataway, NJ). Radioactive L--dipalmytoylphosphatidylcholine (dipalmytoyl-1-14 C, 4.0 MBq/mmole) was from DuPont y To whom correspondence should be addressed. Fax: +81-78-803-5947; E-mail: tsuruta@kobe-u.ac.jp Abbreviations: PLD, phospholipase D; swPLD, Shewanella sp. phospholipase D; scPLD, Streptomyces chromofuscus phospholipase D; PtdC, phosphatidylcholine; PA, phosphatidic acid; PM, phosphatidylmethanol; ANS, 1-anilinonaphthalene-8-sulfonic acid NEN (Boston, MA). Acromobacter Protease I (lysyl endopeptidase, 2.8 AU/mg) was purchased from Wako Pure Chemicals (Osaka, Japan). A mBondasphere C 18 column (300 Å 5m, size 2:1 Â 15 cm) and an AccQTagÔ amino acid analysis kit were from Waters (Milford, MA). Restriction enzymes were from New England Biolabs (Beverly, MA). T 4 DNA ligase and competent cells of E. coli DH5 were from Toyobo (Osaka, Japan). Sequi-Therm ExcelÔ Long-ReadÔ DNA sequencing kit was from Aloka (Tokyo, Japan). pET22b, pET28b plasmid, pT7Blue T-vector plasmid, and competent cells of E. coli BL21(DE3) were from Novagen (Darmstadt, Germany). All other chemicals used were of guaranteed grade.
The psychrophile (Shewanella sp.), separated from the intestine of a shellfish living in the Antarctic Ocean, were cultured as described in a previous paper.
12)
Determination of protein concentration. The concentration of protein in the eluate in the process of column chromatography was monitored with the absorbance at 280 nm. The amount of purified swPLD in the aqueous solution was routinely determined on the basis of the value, A 1% 280;cm ¼ 15:3, where % concentration was calculated from the amount of enzyme evaluated by the amino acid composition, which was determined as follows: The reduced and pyridylethylated enzyme protein was hydrolyzed at 110 C for 24 h with 6 N HCl containing 0.1% (V/V) phenol and 0.25% (V/V) 2-mercaptoethanol. The hydrolysates were analyzed for amino acids using an AccQ-TagÔ amino acid analysis kit.
Determination of enzyme activity. The activity of PLD was routinely determined in 0.1 ml of 25 mM Tris-HCl, pH 7.8, containing 2.5 mM CaCl 2 , 0.5 M sorbitol, 50% (V/V) methanol, 20 mM PtdC (dipalmytoyl-1-14 C, 400 Bq), and the desired amount of enzyme at 25 C for 30 min, where the reaction proceeded linearly. The reaction was stopped by adding 37.5 ml of 0.5 M EDTA. To the mixture, 50 ml of methanol and 200 ml of chloroform were added. After mixing and centrifugation, a volume of chloroform phase was dried, dissolved in methanol, and deposited on a thin layer plate. Materials were developed in the upper layer of ethylacetate/2,2,4-trimethylpentane/acetic acid/water (13V/ 2V/3V/10V), and the radio activities of PA and PM on the plate were measured with a BAS-1000 bio-imaging analyzer (Fuji Photo Film, Tokyo, Japan), from which the amounts of PA produced by hydrolytic activity and PM done by transphosphatidylation activity were evaluated. On examination for the dependences of the activity on pH and temperature, the activity was determined at various pH levels in individual buffer solutions containing 2.5 mM CaCl 2 , 0.5 M sorbitol, 50% (V/V) methanol, and 20 mM PtdC, at 25 C for 30 min, and was done at the indicated temperatures in 50 mM Tris-HCl, pH 7.8, containing 2.5 mM CaCl 2 , 0.5 M sorbitol, 50% (V/V) methanol, and 20 mM PtdC for 30 min, respectively. For pH-and thermo-stability, the remaining activity was determined in 50 mM Tris-HCl, pH 7.8, containing 2.5 mM CaCl 2 , 0.5 M sorbitol, 50% (V/V) methanol, and 20 mM PtdC at 25 C for 30 min. The activities of the enzyme in the presence of various alcohols were determined in reaction mixtures containing 0-80% (V/V) of the respective alcohols at pH 7.8 and 25
C for 30 min.
Purification of native swPLD. All manipulations in the purification of the enzyme were conducted at 4 C. Through purification steps, the hydrolytic activity of the enzyme against PtdC was conveniently assayed. One unit of hydrolytic activity was defined as the amount of enzyme which liberated 1 mmol of PA from PtdC for 1 min at 25 C and pH 7.8. Two kg (wet weight) of Shewanella sp. was homogenized in 1 liter of buffer A (25 mM Tris-HCl, 5 mM CaCl 2 , 1 M sorbitol, and 1 mM PMSF, pH 7.8) with aluminum oxide using a pestle and mortar. The homogenate was centrifuged at 1;500 Â g for 20 min. To the supernatant, solid ammonium sulfate was added to 33% saturation, followed by centrifugation. The precipitate was dissolved and dialyzed against buffer B (25 mM Tris-HCl, 5 mM CaCl 2 , and 0.5 M sorbitol, pH 8.0). To the dialyzed solution, cold acetone was added at À5 C until the concentration became 40% (V/V). After centrifugation, to the supernatant cold acetone was added to 65% (V/V) at À5 C. The precipitate was dissolved and dialyzed against buffer B for 3 d. Triton X-100 was added to the dialyzed solution to a final concentration of 1% (V/V). The resulting solution was applied to a DEAE-Cellulofine A-500m column (2:5 Â 40 cm) equilibrated with buffer C (25 mM Tris-HCl, 5 mM CaCl 2 , 0.5 M sorbitol, 0.1% (V/V) Triton X-100, pH 8.0). After washing with buffer C, the adsorbed proteins were eluted with a stepwise increase in the concentration of NaCl. The major and minor peaks with enzyme activity were detected in 0.15 M NaCl and 0.25 M NaCl eluates respectively. The fractions of the major peak were pooled and dialyzed against buffer D (10 mM NaH 2 PO 4 -Na 2 HPO 4 , pH 6.8, containing 5 mM CaCl 2 , 0.5 M sorbitol, and 0.1% (V/V) Triton X-100), and then loaded onto a hydroxylapatite column (2:5 Â 15 cm) equilibrated with buffer D. The adsorbed proteins were developed with a stepwise increase in the concentration of NaH 2 PO 4 -Na 2 HPO 4 in buffer D. The activity was detected in the eluate with 50 mM NaH 2 PO 4 -Na 2 HPO 4 , in buffer D. The active fractions were pooled and dialyzed against buffer C. The resulting solution was loaded onto a Mono-Q HR5/5 column (0:5 Â 5 cm) equilibrated with buffer C, and then eluted with a linear gradient with 0.15 to 0.35 M NaCl in buffer C. Fractions showing activity from 0.2 to 0.22 M NaCl were pooled and dialyzed against buffer B, and then loaded onto a butyl-Cellulofine column (1:0 Â 10 cm) equilibrated with buffer B. After elution with a 2-fold column volume of the equilibrating buffer, the enzyme eluted without adsorption onto the column.
Fractions showing activity were pooled, concentrated and stored at À30 C in the presence of 50% ethylene glycol.
Dispersion of PtdC from its micellar form with alcohols. Alcohol concentrations able to disperse PtdC completely were examined in 25 mM Tris-HCl, pH 7.8, containing 2.5 mM CaCl 2 , 0.25 M sorbitol, 20 mM PtdC, and increasing concentrations of alcohols using ANS as a fluorescence probe according to the method described by DeVendittis et al.
15)
Amino acid sequencing. To determine the internal amino acid sequence, the enzyme was reduced with dithiothreitol and then S-pyridylethylated by the method described in several reports, 16, 17) followed by digestion with lysylendpeptidase of Achromobacter. Fragments in digest were separated by reverse-phase HPLC on a column, mBondasphere C 18 , 300 Å , 5m (2:1 Â 150 mm). The amino acid sequences of the resulting fragments were determined by the Edman degradation method using a PPSQ-10 protein sequencer (Shimadzu, Kyoto, Japan).
Oligonucleotides used as primers for PCR. Synthetic oligonucleotides for PCR were designed as degenerate primers, F-3: 5 0 -gggaattcGAIGCIGTIGGNGTNGART-TYGC-3 0 and R-5: 5 0 -gggaattcACYTCYTCRTGIGTR-AANGT-3 0 . They corresponded to degenerate primers of the partial amino acid sequences in the respective peptides, L-3 and L-5 (Y, R, I, and N indicate C or T, A or G, inosine, and any nucleotide respectively). For first inverted PCR (IPCR), IF-1: 5 0 -ggaattcTAATGAATC-GCGGCTTACTTAC-3 0 and IR-1: 5 0 -ggaattcTGGCGA-TGATACTGAACTTGTC-3 0 were designed on the basis of the sequence in the amplified fragment (F3R5), which was produced by PCR using the genomic DNA as a template and degenerate primers F-3 and R-5. For second IPCR, IF-2: 5 0 -ggaattcCAGCGTAACCATTCT-ATGGTGAC-3 0 and IR-2: 5 0 -cctcgagTAAGCTCATCA-GCAGACAACG-3 0 were used. These corresponded to the partial sequence of the amplified DNA fragment by 1st IPCR. NT: 5 0 -gccatggGCTGTAGCAGCGACGAT-GATG-3 0 and CT: 5 0 -cctcgagCTATACGGCTGTTAG-GCTTGGTG-3 0 , which encoded the N-terminal and Cterminal regions of swPLD respectively, were used for construction of expression plasmid pT28PLD. Small letters represent the designed cleavage sites of restriction enzymes.
Southern hybridization. Genomic DNA was prepared from Shewanella sp., as described previously.
18) The psychrophile genomic DNA (6 mg) was digested with 20 units each of BamHI, BglII, RsaI, and Sau3AI, denatured, and transferred onto a Hybond-N nylon membrane filter, as described previously. 19) The DNA fragment (F3R5) as a probe for hybridization was labeled with [-32 P] dCTP using a Megaprime random prime DNA labeling kit.
IPCR. IPCR was done by the method of Triglia et al. 20) The genomic DNA (1 mg) was digested with 20 units each of BamHI, BglII, RsaI, and Sau3AI. The digested DNA fragments was circularized by selfligation with 10 units T 4 DNA ligase at 15 C for 16 h. PCR was done with 100 pmol of the synthetic oligonucleotides as sense and antisense primers and the circularized DNAs as template. The amplification conditions were 30 cycles of 1 min at 95 C, 1 min at 55 C, and 5 min at 72 C, after initial denaturation for 10 min at 95 C, followed by a final incubation for 10 min at 72 C. The PCR products were subcloned into pT7Blue T-vector plasmids.
Determination of nucleotide sequence. Nucleotide sequencing was done by the cycle sequencing method using a SequiTherm Excel Long-Read DNA Sequencing kit-LC with a 4100L DNA sequencer (LI-COR, Lincoln, NE).
Expression, refolding, and purification of the recombinant enzyme. Expression plasmid pT28PLD was constructed by insertion of the swPLD gene into the pET28b plasmid at the NcoI-XhoI restriction sites. E. coli BL21(DE3), containing pT28PLD, was inoculated into 500 ml of LB medium containing 50 mg of ampicilin. The recombinant enzyme was expressed as an inclusion body by induction with 1 mM of isopropyl--Dthiogalactopyranoside at 37 C for 3 h. Refolding and purification of the recombinant enzyme were conducted at 4
C. The cells (1.0 g), suspended in 15 ml of buffer E (100 mM Tris-HCl, pH 7.0, containing 10 mM -mercaptoethanol and 5 mM EDTA), were sonicated, and the suspension was centrifuged at 22;000 Â g for 10 min. The precipitate was washed with 15 ml of buffer F (100 mM Tris-HCl, pH 7.5, containing 1.0% (V/V) Triton X-100 and 5 mM EDTA) and with buffer F without Triton X-100, and centrifuged at 22;000 Â g for 10 min. The inclusion body (20 mg) obtained as precipitate was dissolved in buffer G (20 mM Tris-HCl, pH 7.5, containing 20 mM -mercaptoethanol, 10 mM EDTA and 8.6 M urea). The resulting solution was diluted to a protein concentration at 0.05 mg/ml with buffer H (20 mM NaHCO 3 -Na 2 CO 3 , pH 10.0, containing 20 mM -mercaptoethanol and 8.6 M urea). The diluted solution was dialyzed sequentially against buffer solutions containing 4 M, 2 M, and 1 M urea, and buffer solution (20 mM Tris-HCl, pH 7.8, containing 20 mMmercaptoethanol, 0.5 M sorbitol, and 5 mM CaCl 2 ). The refolded recombinant enzyme was purified by sequential chromatography using Q-Sepharose FF and HP columns. The active fractions were pooled and used as the finally purified enzyme preparation.
Nucleotide sequence accession number. The DNA sequence encoding the swPLD of Shewanella sp. was registered in GenBank databases under accession no. AB302940.
Results and Discussion
Purification of swPLD A typical purification procedure for swPLD is summarized in Table 1 . Finally, 0.117 mg of the enzyme with a specific activity (hydrolysis of PC) of 76:2 Â 10 À3 units/mg was isolated from 2 kg of the psychrophile through six steps. The sequential steps gave 139-fold augmentation in specific activity with a yield of 6.2%. The purified enzyme protein migrated as a single band in SDS-PAGE with a molecular mass of 64 kDa (Fig. 1) , indicating that the enzyme protein was electrophoretically homogeneous. The specific activity (76:2 Â 10 À3 units/mg) of swPLD was remarkably lower than the respective specific activities 631 units/mg and 152 units/mg of Ca 2þ -dependent PLDs from S. hachijoensis 5) and S. chromofuscus.
6)
The purified swPLD exhibited enzyme activities at a ratio of hydrolytic activity to transphosphatidylation activity of 2.5 under the routine enzyme assay conditions, at pH 7.8 and 25
C with 50% methanol. The molecular extinction coefficient of the enzyme protein was evaluated to be " 280 ¼ 9:53 Â 10 4 cm À1 ÁM À1 , based on a molecular weight of 62,299 calculated from the deduced amino acid sequence.
Enzymatic properties of swPLD
The optimum pHs for both the hydrolytic and the transphosphatidylation activities of swPLD were observed at pH 7.8 ( Fig. 2A) . The apparent optimum temperature for the respective enzyme activities of swPLD was 40 C (Fig. 3A) . swPLD was stable in a pH range of 5 to 8, and was labile in the low pH range, losing its activity rapidly at pH 4.0 (Fig. 2B) . swPLD was stable below 30 C, and rather labile above 40 C, with rapid loss of its activity at 60 C (Fig. 3B) . pH stability and the thermostability were examined for both activities, where the ratio of hydrolytic activity to transphophatidylation activity was about 2.5, as described above. Both activities of swPLD at 10 C were almost 6.5% of the respective activities at the optimum temperatures.
The PLDs of mesophilic microorganisms such as Actinomadura sp.(strain no. 362), Streptoverticillium cinnamoneum, and Streptomyces lydicus D-121 show maximum activity at 60-70 C, 21) 50-55 C, 5) and 55 C respectively, 22) but no activity in a low temperature ranges, of 0 C to 10 C, was reported. The relatively high activity in this low temperature range and the low thermostability of swPLD are specific characteristics of a cold-active enzyme. In qualitative assay, it was recognized that swPLD exhibited weak activity towards phosphatidylinositol, and no activitiy towards phosphatydilethanolmine.
Effects of metal ions on the activities of swPLD
The metal ions essential to the catalytic activity (the hydrolytic and the transphosphatidylation activities) of swPLD as cofactor were determined. As shown in Table 2 the active center, and the Ca 2þ ion is involved in binding to the substrate. 7) Complete inhibition of swPLD by the Fe 3þ and Mn 2þ ions suggests that the structure of the active center was different from that of scPLD. Enhancement of transphosphatidylation with the Ca 2þ ion was rather higher than the hydrolysis, suggesting that the Ca 2þ ion might be important to the action of the OH À ion and to recognition of alcohol as an acceptor of the phosphatidyl group.
Effects of alcohols on dispersion of PtdC and enzyme activitiy
As an enzymatic property, PLDs commonly show a significant preference for micellar over monomer PtdC, 23) and the specific activity depends on the proportion of PtdC in a micellar or on a bilayer surface. 24) In the absence of alcohols, the hydrolytic activity of swPLD was weak, and no transphosphatidylation activity was detected, but swPLD exhibited high , transphosphatidylation activity. B, The enzyme (0.1 mg) was exposed to various temperatures at pH 7.8 for the indicated periods of time. The residual activity is represented as a percentage of maximum activity, which corresponds to 7.6 pmol of PA/min for hydrolytic activity and 3.1 pmol of PM/min for transphosphatidylation activity. Symbols: , 0, 10, 20 and 30 C; , 40 C; , 50 C; , 60 C. Each of plots represents the means of triplicated determinations. The purified enzyme was preincubated with 10 mM EDTA in 50 mM TrisHCl at pH 7.8 and 10 C for 30 min, and the resulting solution was dialyzed against 50 mM Tris-HCl at pH 7.8 and 4
C for 3 d. Then the hydrolytic and transphosphatidylation activities of the processed enzyme (0.22 mg) without and with respective metal ions were determined. Each of the values represents the means of triplicated determinations. The values in parenthesis represent the relative value to the enzyme activity without metal ions. activity in alcohol-aqueous solutions and maximum activity at concentrations of 50% (V/V) for MeOH, 40% (V/V) for EtOH, 30% (V/V) for iso-propanol, and 20% (V/V) for n-propanol (Fig. 4) . The hydrolytic activity of swPLD was also detected maximally in 50% (V/V) acetone-and 30% (V/V) acetonitrile-aqueous solutions with relative activity of 56.0% and 35.3% respectively as compared with its activity in 50% (V/V) MeOH, but no activity was detected in dimethylsulfoxide or demethylformamide in a concentration range of 0 to 50% (V/V).
In general, PLD shows hydrolytic activity towards PtdC without organic solvents, and it required primary alcohols for transphosphatidylation activity as a PAacceptor. 25) However, swPLD needed some alcohol for exhibiting not only the transphosphatidylation activity but also the hydrolytic activity. In fact, a striking increase to the maximum in the activities of swPLD was observed after the fluorescence intensity of ANS with PtdC had almost disappeared at a concentration of 40% (V/V) for MeOH, 30% (V/V) for EtOH, and 20% (V/ V) for iso-and n-propanol. It is well-accepted that PtdC exists in non-micellar dispersed form in organic solventaqueous solution below a critical micelle concentration, and that the reduction in the fluorescence intensity of ANS is dependent on the transition of PtdC from the micellar form to the non-micellar dispersed form. Accordingly, swPLD can function against a rather non-micellar dispersed form of PtdC molecule as substrate in the presence of some alcohols, although the physiological significance of the high activity in alcohols is still obscure.
The gradual decrease in enzyme activity above the concentrations of the respective alcohols giving maximum activity (Fig. 4) might reflect on the denaturation of the enzyme protein at high concentrations of alcohol. In an experiment on the effect of MeOH on the activity of swPLD, we observed that the enzyme lost almost all its activity over 60 min at 0 C and pH 7.8.
Partial amino acid sequences of swPLD
In order to design probes to be used in gene cloning of swPLD, five of the peptides obtained by digestion of the enzyme protein with lysyl endopeptidase and subsequent reversed-phase HPLC showed the amino acid sequences as follows: L-1, Tyr-Leu-Glu-X-Tyr; L-2, X-Ala-PheIle-X-Val-X-Asp-Asp-X-Glu-Val-Ala-Asn; L-3, Asp-AlaAla-Gly-Asp-Ala-Val-Gly-Val-Glu-Phe-Ala-Thr-Ser-Ser; L-4, X-Ser-Ser-Asp-Asp-Asp-Glu-Tyr-Val-Ile-Pro-Ala-X-Phe; and L-5, Tyr-Ala-Asn-Leu-Met-Asn-Arg-GlyLeu-Leu-Thr-Leu-Thr-Phe-Thr-His-Glu-Glu-Val-Arg-XAsp, where X represents the unidentified residue.
Cloning of the swPLD gene and deduced amino acid sequence For selection of restriction enzymes usable for IPCR, the location of the cleavage sites with restriction enzymes around the swPLD gene was analyzed by Southern hybridization. As a probe for hybridization, a DNA fragment (F3R5) about 200 bps in length was used. It was amplified by PCR using the degenerate primers (F-3 and R-5) and the genomic DNA as a template. The results of Southern hybridization showed that the cleavage sites with the restriction enzymes, BamHI, BglII, EcoRV, HindIII, PstI, RsaI, and Sau3AI were located in and around the swPLD gene. Accordingly, the first IPCR was done using the IF-1 and IR-1 primers and the DNA circularized at the Sau3AI site. The second IPCR was done using the IF-2 and IR-2 primers and the DNA circularized at the BamHI-BglII sites. Similarly, a second IPCR with the circularized DNA at the RsaI site was also done. By overlapping the sequences of the amplified DNA fragments by PCR, first IPCR, and second IPCR, the nucleotide sequence of the swPLD gene was determined. In the deduced amino acid sequence (Fig. 5) , the five peptide sequences L-1, L-2, L-3, L-4, and L-5, appeared, indicating that this gene encoded swPLD. It was concluded that the N-terminal amino acid of the enzyme protein was Cys 30 , based on the following three findings: First, the molecular mass was evaluated to be 64 kDa by SDS-PAGE. Second, the 29th residue on the N-terminal side of the sequence containing the digested peptide L-4 was glycine, not lysine. Finally, the partial sequence, -Leu-Met-GlyCys 30 -, was similar to the consensus sequence in bacterial lipoprotein precursors, Leu-Ala/Ser-Gly/AlaCys. Many prolipoproteins have been digested with signal peptidases at the site between Gly/Ala and Cys in the sequence. 26) Therefore, mature swPLD consisted of 558 amino acid residues from Cys 30 toVal 587 with a predicted molecular weight of 62,299. In an effort to purify PLD from the culture medium of Shewanella sp., we could hardly isolate the enzyme released from the cells due to the very little amount of PLD. This finding indicates that the sequence before Cys 30 might function Boxed letters represent identical residues on the amino acid sequences of swPLD and scPLD. 25) The arrow shows the N-terminal amino acid sequence of swPLD. Horizontal bars indicate amino acid sequences determined by the Edman degradation method. The symbols # and I represent amino acid residues possibly involved in the metal-binding sites and the phosphate-binding site, respectively, as described in a published report on scPLD. 24) as a signal peptide for secreting swPLD into the periplasmic space. The amino acid sequence of swPLD showed 36.2% identity (202/558 residues) with that of scPLD, 25) but had no obvious sequence similarity to other PLDs. This sequence also showed 82.6% identity (461/558 residues) with that of Shewanella pealeana alkaline phosphatase, which was found in the genome sequence of this bacterial species (GenBank accession no. ZP 01602386). Indeed, swPLD exhibited phosphatase activity towards p-nitrophenylphosphate (H. Tsuruta, unpublished data), as scPLD did. 27) However, the purified enzyme (swPLD) in this study showed transphosphatidylation activity besides hydrolysis activity towards PtdC, and hence this enzyme can be classified into the PLD family.
Recent study on scPLD indicates 11 amino acid residues, Asp 15 , which were involved in metal binding in scPLD, although the properties of the side chains were similar except for the side-chain length. Perhaps the longer side chains in the respective residues of swPLD give rise to different metal ion requirements.
Expression, purification, and characterization of recombinant swPLD
To establish an expression system, several plasmids, including pET22b, pET28b, pGEX6p-2, and pTrc99A, were used, but no expression system produced the soluble recombinant enzyme abundantly in the host E. coli cells. Accordingly, in vitro refolding of enzyme from the inclusion body by the dialysis method was examined. Recombinant swPLD (0.92 mg) was obtained from the inclusion body (20 mg) by refolding and purification by a series of sequential column chromatographies. The optimum pH and the optimum temperature of recombinant enzyme were determined to be pH 7.8 and 40
C, similar to those of native swPLD, suggesting that the cloned gene encoded swPLD. This recombinant enzyme is appropriate for future investigation of the structural properties contributing to the elicitation of highly catalytic activity at low temperatures.
